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Abstract 
The heat transfer characteristics of pipelines for transport of CO2 is crucial for the events following a depressurization 
or a crack formation, involving rapid cooling. In this work, we present and analyze recent experiments from an 
experimental facility tailored to investigate these phenomena. With stagnant water as the surrounding substance, we 
quantify the contribution to the heat transfer from the surroundings, the insulation and the CO2 boiling inside the 
pipeline, for a large set of operating conditions. We discuss whether empirical expressions in the literature can 
describe the outer heat transfer coefficient and analyze the experimental results in detail using computational fluid 
dynamical simulations. The work gives insight into and quantifies the heat transfer characteristics of a CO2-pipeline. 
In particular, the outer heat transfer coefficient was between 80 and 210 W/m2K, the thermal conductivity of the 
insulation was well described by a linear temperature relation and the mean value of the overall heat transfer 
coefficient was 44.7 W/m2K. The work lays the foundation for future work on this subject, which will involve other 
surrounding substances such as clay and gravel as well as the forming of ice.   
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1. Introduction 
This paper discusses experiments and modeling of heat transfer to offshore or submerged CO2 
pipelines within the ”CO2 IT IS” project [1], which stands for “CO2 Interface-Transport-Interface-
Storage”. The project is lead by Statoil and has SINTEF Energy Research as partner and is partially 
funded by the CLIMIT program from the Research Council of Norway. This project focuses on acquiring 
general knowledge that can be used for all combinations of capture, transport and storage technologies 
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and can support current operations and business development. The research in this project is motivated by 
improving the safety and reducing the costs in existing and future CCS chains [2]. The main inspiration of 
this work is the Snøhvit gas field in the Barents Sea where Statoil operates a 153 km offshore pipeline 
transporting liquid CO2 from an LNG plant to one subsea well. Detailed knowledge of heat transfer of 
offshore CO2 pipelines is important during transient operations such as pipeline depressurization and 
undesirable incidents with small or large damages or ruptures to the pipeline. In these cases the sub-
cooled liquid CO2 depressurizes and starts boiling. Due to the Joule-Thomson effect, the CO2 and the 
pipeline may cool rapidly. The rate of cooling dependents heavily on the heat transfer characteristics of 
the pipeline, such as the flow regime and the physical properties of the surrounding media. Often, 
offshore pipelines are partly or fully covered with gravel or clay. Moreover, if the temperature at the 
pipeline surface falls below 0 C, ice can form. Overall, this is a complex interplay of phenomena where 
few experimental data are available.  
This work aims to add to the existing knowledge through experimental investigations on a test facility 
tailored for the investigation of heat transfer characteristics of CO2 pipelines. The rig consists of a 1 m 
long pipeline piece as used at the Snøhvit gas field, closed with end-caps and submerged in the middle of 
a large container. The container can be filled with water, gravel, ice and other surrounding media, and the 
experimental facility is well equipped with temperature sensors inside the container. To be able to 
calculate the specific heat transfer contributions, such as heat convection from the surroundings on the 
outer pipeline wall, conduction through the pipeline insulation and steel as well as convection to the CO2 
on the inner pipeline wall, temperature sensors were installed as illustrated in Figure 1. Liquid CO2 is 
continuously supplied to the pipeline at the inlet, and vapour CO2 leaves at the outlet. The experimental 
set-up was described in detail by De Koeijer et al. [2].  
 
 
Figure 1: Principle illustration of temperature sensor placement on pipeline. 
 
To measure the temperature on the pipeline steel, temperature sensors are inserted into cannula tubes, 
which were welded directly on the pipeline steel before the pipeline insulation was added. This upgrade 
increased the temperature accuracy of the pipeline steel significantly compared to initial results presented 
at the TCCS conference in 2011[3]. This paper presents the latest results on heat transfer from pipeline 
surroundings to cold CO2 in the pipeline.  
As the properties of fresh water are well known, initial investigations were performed with fresh water 
as the surrounding media. Empirical models and Computational Fluid Dynamics (CFD) has been used to 
analyze and interpret the experiments in Section 2 and 3 respectively. Concluding remarks will be given 
in Section 4.  
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2. Experimental results 
Temperature measurements at 57 locations together with flow rate and pressure of CO2 were collected 
from the experimental set-up every minute during a continuous operation over a period of 4.5 months. 
The accuracy of the temperature sensors was ± 0.15 K and the measured CO2-flow had an accuracy of 
0.35 % of the overall flow rate. The experimental set-up was allowed to reach stable conditions with the 
surroundings for a period of 2 to 3 days before the set-point for the heaters was changed and the 
temperature of the water in the container adjusted. The extracted experiments had achieved quasi steady-
state, defined as a state where the temperature measurements changed less than 0.5 C in 2 hours. Two 
test series with a total of 50 experiments above the ice-formation temperature were executed. In the first 
series the set-point temperature of the heating device was increased to give water temperatures increasing 
from 3 C to 16 C. In the second the water temperature was decreased from 16 C to 2 C again. Since 
no distinction could be made between these two data-sets, the experiments show a good repeatability. The 
experiments were used to give insight into how different heat transfer contributions affected the overall 
heat transfer coefficient to the pipeline: 
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 Eq. 1 
Here htot is the overall heat transfer coefficient. r1, r2, and r3 are the pipeline radii at the inside, outside, 
at the outer insulation respectively as illustrated in Figure 1. hin is the heat transfer coefficient inside the 
pipeline, ks the thermal conductivity through the pipeline, kiso the thermal conductivity through the 
insulation and hout is the heat transfer coefficient outside the pipeline. The results show that the typical 
temperature gradient at the inside of the pipeline is 0.2 to 0.3 K, which is within the experimental 
measurement uncertainty. This small difference is due to nucleate boiling inside the pipeline, which gives 
a large heat transfer coefficient (5 000 to 30 000 W/m2K). The thermal conductivity of steel is also high 
(20 W/m2K), and the two dominating contributions for the overall heat transfer to the pipeline are the 
heat transfer through the insulation and the heat transfer from the external media to the insulation. These 
two contributions have thus been subject to closer investigations. 
2.1. The thermal conductivity of the insulation 
Fig. 2 shows the thermal conductivity of the insulation calculated from the measurements as function 
of the mean insulation temperature. An epoxy-coating from Jotun was used. The experimental results 
indicate that the thermal conductivity has a temperature dependency.  
The energy balance across the cylinder wall of the pipeline can be used to calculate an average heat 
flux, with a suitable expression for the thermal conductivity. By minimizing the deviation between the 
calculated and the measured heat transferred to the tube [2], two different expressions have been obtained 
for the thermal conductivity of the insulating epoxy-layer: 
 
i. Assuming constant kins gave a value of 0.3091 W/m2K. The average deviation between 
experiments and calculations is then 6.9 %. 
ii. Assuming a kins that depends linearly on the temperature gave kins = 0.3287 - 0.0105T, where T is 
temperature measured in C. The average deviation was 3.5 % for this expression, which has 
been regressed for temperatures from -5 to 12 C (dashed line in Figure 2) 
 
The deviations between experimental and calculated heat flux through the insulating layer can be 
reduced by 50 %, if the thermal conductivity of the coating is assumed to depend linearly on the 
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temperature. Since much of the resistance to heat transfer in this experimental rig lies in the insulating 
layer, the temperature dependency of the thermal conductivity also affects the overall heat transfer 
coefficient. 
 
Figure 2: The temperature variation of the thermal conductivity of the insulation. Here, blue diamonds are 
experimental points and the dashed line is values from a linear thermal conductivity function. 
2.2. The outer heat transfer coefficient  
Stagnant tap-water was used as the surrounding fluid of the pipeline in all the reported experiments. 
The heat transfer to the pipeline will induce free convection. Figure 3 shows how the expression by 
Churchill and Chu [4] for heat transfer by free convection outside a horizontal cylinder (red circles) 
compares to the experimental values obtained for the outer heat transfer coefficients as functions of the 
mean water temperature.     
The experiments reveal that the outer heat transfer coefficient rises with temperature from 
approximately 5 C to 15 C, and has a minimum close to the density inversion point of water at 4 C. 
The curves from both experiments and the empirical relation display the same quantitative behaviour. 
Notice that the circles in the figure do not form a smooth line. This is because the outer heat transfer 
coefficient also depends on the temperature at the outer insulation, which changes from experiment to 
experiment. The properties in the empirical relation have been evaluated at a film temperature, 
approximated as the arithmetic mean between the bulk water temperature and the temperature at the 
outside of the insulating layer.  
The behaviour of the outer heat transfer coefficient may be understood by investigating the Grashof 
number of the experiments, a dimensionless number which may be interpreted as the ratio between 
buoyancy to viscous forces acting on the fluid which has been explained in detail by Cengel [5]. The 
absolute value of the thermal expansion coefficient of liquid water decreases to zero at 4 C before it 
increases with temperature above 4 C. This means that density differences in the fluid, which drive the 
free convection, will be very low at 4 C, and a dip in the outer heat transfer coefficient is expected. The 
mean film temperature is larger than the inversion temperature, which explains why the minimum is not 
at 4 C. Even though the qualitative behaviour of the empirical relation by Churchill and Chu coincides 
with the experiments, the quantitative values deviate 25 % on average, and the deviation is largest at 
increasing mean water temperatures. 
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Figure 3: The heat transfer coefficient obtained from measurements (blue diamonds) and from the empirical 
relation by Churchill and Chu [4] (red circles) as function of the water temperature. 
2.3.     The overall heat transfer coefficient  
The overall heat transfer coefficient varied from 39.6 to 48.7 W/m2K, with a mean value of             
44.7 W/m2K. To reproduce the experimental values for the overall heat transfer coefficient to a decent 
accuracy (< 3 %), it is necessary to provide an accurate expression for the outer heat transfer coefficient. 
The expression by Churchill and Chu [4] is insufficient since the modeled overall heat transfer coefficient 
with this expression will deviate more than 7 %.  
3. Numerical simulations 
Numerical simulation can be a useful tool in both the planning and interpretation of experimental 
work.  Experimental data can be used to validate a model, which in turn can be scaled up in order to 
provide insights outside the feasible range of the experimental setup. In the current experiment, natural 
convection will occur in the tank. This phenomenon is driven by buoyancy forces, caused by the 
temperature difference between the outer insulation of the pipe and the fixed temperature at the outer 
walls. Such a natural convection will be present even at steady state conditions, and will lead to possibly 
non-trivial temperature gradients in the tank. It is important to understand the buoyancy-driven flow 
patterns that arise in the tank in order to not only be able to interpret the experimental data, but also to 
quantify the effect of the geometrical constraints of the rig compared to the ideal case or realistic settings.  
1.1. Mathematical model 
The flow around the pipe can be modelled as Newtonian incompressible buoyant (Boussinesq) flow.  
Herein, the governing equations for the natural convection are the Navier-Stokes equation for the 
conservation of momentum: 
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together with the incompressibility condition     ". Here  is the velocity field, # is the temperature 
dependent density, #$ is the reference density,  is the pressure,   is the kinematic viscosity and ! is the 
gravitational acceleration vector. The flow to be studied is in the regime where turbulent flow may 
appear, so in this work the standard k- model [6] is used to model the Reynolds stresses appearing 
through Reynolds decomposition. The final term in Eq. 2 is the buoyant Boussinesq term, with  given 
by: 
 


   %&'  '$&, Eq. 3 
where ( is the thermal expansion coefficient and )* is the reference temperature corresponding to +*. 
For water, )* is set to 4 ºC. The heat transport in the fluid is governed by the temperature equation: 
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where  k is the thermal conductivity and 23 is the specific heat capacity at constant pressure. The group of 
constants on the right hand side of Eq. 4 may be rewritten as  4, where Pr is the dimensionless Prandtl 
number given by 56# . The pressure is calculated through a Poisson equation:  
   #$    , Eq. 5 
which is derived by combining the Navier-Stokes equation with conditions for incompressibility and 
continuity. In the standard k- model both Eq. 4 and Eq. 5 are modified slightly to be stated in terms of 
the mean velocity field instead, while including the effects of the Reynolds decomposition.    
Natural convection flow of often characterized by a Rayleigh number, which is a dimensionless ratio 
of convective heat transfer to conductive heat transfer. Certain thresholds for turbulence and instabilities 
in such flows are often given in terms of this number, and it is defined as: 
 78 
9%:	
 ;
<' Eq. 6 
where L in this case is the size of the box (1.2m), and <) is the temperature difference between the pipe 
surface and at a point in the fluid relatively undisturbed by the pipe’s presence.  
 
The heat flux to the pipe is calculated through Fourier’s law, using the normal gradient of temperature 
at the pipe and the effective thermal conductivity given by the standard k- model. The heat transfer 
coefficient is then found by dividing by the pipe surface area and a particular <). The pipe surface is 
always used as the low temperature, but the choice of high temperature may vary. Here the outer wall 
temperature is used to obtain , while the average water temperature is used to obtain = . Note that 
the average water temperature is not a complete volume average, but rather an arithmetic mean of the 
temperatures at the points in the plane where the experiment has temperature sensors. This is done to have 
values comparable to the experimental results. 
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1.2. Simulations 
Simulations were performed using the PISO-SIMPLE algorithm in the open source CFD toolbox 
OpenFOAM[7,8], with a buoyant Boussinesq flow model slightly modified to account for the anomalous 
expansion of water (Eq. 3).  The physical parameters used are given in Table 1. The quantities for #$ and 
% were found by fitting the model (Eq. 2) to experimental data [9], while the remaining parameters were 
taken according to [9]. 
Table 1: Values for the constants used in the simulations. 
Parameter Symbol Unit Value 
Prandtl number (23+>?) Pr - 9.47 
Thermal expansion coefficient % @ 1.0e-4 
Reference temperature '$ @ 277.15 
Reference density #$ ABC	 1 000.17 
Kinematic viscosity   CD 1.30e-6 
 
A series of 2D simulations were performed to examine and estimate the flow of the experiments. The 
domain contained a circle with a diameter of 0.2 m, with flat boundaries at E"FGHm. The grid contained  
12 400 cells, and was gradually refined towards all boundaries. The boundary conditions at the side and 
bottom were isothermal, while the top surface was assumed to be adiabatic. The pipe surface was also 
isothermal, though colder than the outer walls. All boundaries had a no-slip condition for the velocity 
field. Transient simulations with an initial water temperature equal to the wall temperature were run until 
an approximate steady state, which took in the order of 15 hours of simulated time to reach. Several cases 
in different temperature regimes were run, as shown in Table 2. Note that all cases have the same <' of 
10 ºC between the walls and pipe, giving a Rayleigh number (Eq. 6) in the order of ". This is well 
beyond commonly reported thresholds for the turbulent transition in natural convection [10], thus 
justifying the need for turbulence modeling.  
Table 2: Simulation cases and results. The heat transfer coefficients are calculated as described in Sec. 1.1. 
Case # )IJKK[ºC] )3L3M[ºC] )INJO![ºC] PQRS [TUVW] PQRS=  [TUVW] 
1 10 0 7.9 175 221 
2 6.25 -3.75 3.9 178 233 
3 5 -5 2.2 164 228 
 
The results are shown in Figures 4, 5a and 5b, as well as in the final two columns of Table 2. Note that 
the temperature scales in the plots, though displaced with respect to each other, all have the same range of 
5 ºC to allow comparison. The arrows representing the mean velocity field have the same scale in all 
plots. 
In Case 1, the simulation reached an oscillatory flow state. This is not surprising, as the Rayleigh 
number of these simulations are well beyond the typical threshold for plume oscillation in natural 
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convection [11]. The period of these oscillations were around two hours. A snapshot of this oscillatory 
state is shown in Figure 4. The oscillatory flow pattern in this case looks a lot like the initial part of vortex 
shedding  (Von Kármán vortex street) [12], which is often seen in flow past cylinders. Case 2, which was 
designed to reach an average temperature of about 4ºC, reached a quite unstable state with vortices going 
in and out of existence all around the pipe. A snapshot of this may be seen in Figure 5a. In Case 3 the 
flow reached a quite steady non-oscillatory state, as shown in Figure 5b. Recall that this is not simply an 
inversion of Case 1, as in this case the main plume collides with an insulating wall, not a hot isothermal 
wall. Apparently, this is important for the stability of the flow. As seen in Figure 4, the case with an 
average water temperature of 4 ºC is quite well mixed in terms of temperature. The magnitudes of the 
velocity field is however larger than in the other two cases, and this could be the reason why the 
calculated heat transfer coefficient is not the lowest even though the temperature gradients in the interior 
of the domain are very low. It could appear that flow field magnitude is more important for the heat 
transfer coefficient than the temperature gradients in the water. In any case, the results in this temperature 
area may not be trustworthy, as the model (Eq. 3) for #' has a discontinuous derivative, while in reality 
the derivative passes through zero in this area.  
The heat transfer coefficients found are not too far off from the experimental data in Figure 2, though 
the trends have not been reproduced so far. A reason might be that a 2D simulation might not be able to 
represent the experiment properly, and a 3D approach is necessary. Also, when comparing to Figure 2, be 
aware that the pipe temperature in the simulation is not necessarily equal to the insulation temperature in 
the corresponding data point with the same average water temperature.   
One important observation from Figures 3, 4 and 5 is that the side walls of the box affect the flow field 
greatly, something which tells us that this experiment of restricted geometry may not give a good 
approximation to the flow one would find around a cold pipe in the ocean, i.e. a non-restricted geometry. 
In Case 2 and 3 it is particularly unrealistic that the flow from the pipe comes in contact with a ceiling, 
considering that a real pipeline would be expected to be in much deeper waters than in this experiment. 
Beware that this simulation work is quite preliminary, and some questions regarding convergence and 
the appropriateness of the turbulence model have yet to be answered. 
 
 
Figure 4: Snapshot of the oscillating final state of Case 1 from Table 2. The temperature is given by the colour, 
while the mean velocity field is represented by arrows. 
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a b 
Figure 5: Quasi-steady state plot of a) Case 2 and b) Case 3 from Table 2. The temperature is given by the 
colour, while the mean velocity field is represented by arrows. 
 
4. Conclusion 
In this work, we have investigated the heat transfer characteristics of a pipeline for transport of CO2 
through experiments, empirical relations and computational fluid dynamics. The experiments show that 
the overall heat transfer coefficient varied from 39.6 to 48.7 W/m2K, with a mean value of 44.7 W/m2K 
with tap water as the surrounding substance. The outer heat transfer coefficient varied between 80 and 
210 W/m2K, depending on the water temperature. A minimum is observed with a mean water temperature 
close to the water density inversion point. With a 4.5 mm layer of Epoxy-coating on the pipeline, this was 
found to be the largest resistance for heat transfer and the thermal conductivity was found to have a 
significant temperature dependency well described by a linear relation (kins = 0.3287 - 0.0105T). The heat 
transfer coefficient of the boiling CO2 is high due to the nucleate boiling (5 000 to 30 000 W/m2K) and 
has little effect on the heat transfer under the conditions in these experiments.  
CFD-simulations were performed to give insight into the temperature distributions as well as the flow 
field in the experiment. A simulation procedure has been established and discussed. It has been shown 
that the constricted geometry of the experiments has a considerable influence on the flow pattern. In 
future simulations, the importance of the restricted geometry of the experimental facility affecting the 
flow field will be investigated, especially with regards to the heat transfer coefficients. It is expected that 
this will give an estimate of the deviations of the experimentally measured heat transfer coefficients 
compared to the ideal case of a pipe in a much larger box, i.e. the ocean. 3D-simulations is also an 
attractive alternative.  
The experiments showed that changes in the surrounding water temperature had a substantial effect on 
the heat transfer characteristics of the pipeline. Important future work will thus be to investigate other 
surrounding substances such as sea-water, gravel and clay with changing temperature as well as the 
formation of ice on the pipeline. 
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